ABSTRACT: Ichthyoplankton data collected between 1997 and 2000 were combined with the results of numerical modelling to investigate the dispersal of snapper Pagrus auratus eggs and larvae in Shark Bay, Western Australia. A 3-dimensional hydrodynamic model was coupled with a 2-dimensional Lagrangian particle-tracking program to simulate passive transport of these planktonic particles. Modelling analysed the separate and combined effects of the region's principal hydrodynamic forces of tide, wind and the Leeuwin Current. Model runs simulated a 30 d period to recreate residual transport on time scales encompassing early snapper development prior to settlement. Hydrodynamic conditions during winter were tidally dominated and exhibited minimal residual flows. Eggs and larvae were retained within residual eddies that were coincident with the 4 main spawning areas. No connectivity between these areas was observed. The results provided further evidence of the existence of a number of proximate but geographically discrete spawning populations of snapper in Shark Bay waters. Hydrodynamic retention provides a mechanism that partly explains existing data indicating that snapper stock-structure in the region is complex. Such information is fundamental to determining the most appropriate geographic scale at which local snapper populations should be managed. 
INTRODUCTION
Across their geographic range, many marine species are divided into reproductively isolated, self-recruiting populations. Understanding the population structure of exploited species and the spatial distribution of individual harvested stocks is fundamental to stock assessment and the implementation of effective fisheries management (Ryman & Utter 1987 , Clark 1990 , Begg et al. 1999 . Critical here, is the degree of connectedness between local populations, i.e. whether they are primarily sustained by recruitment from local production (and therefore relatively closed) or substantially from external sources (and therefore relatively open) (Warner & Cowen 2002) . Because many marine fish species have bipartite life cycles, the distribution of individual stocks is determined by the dispersal of eggs and larvae, and the vagility of the post-settlement stages (Harden Jones 1968 , Sinclair 1988 , Bakun 1996 , Bradbury & Snelgrove 2001 . There is mounting evidence that some larvae use a range of behaviours in response to oceanographic conditions that can influence their dispersal (Bakun 1996 , Jenkins et al. 1999 , Kingsford et al. 2002 , Sponaugle et al. 2002 . However, it is likely that for many species, dispersal of eggs and younger larvae is essentially passive (Okubo 1994 , Bradbury & Snelgrove 2001 . The spatiotemporal distribution of these earliest stages therefore depends upon local hydrodynamic processes at the time and place of spawning and initial development (Alvarez et al. 2001) .
For marine fishes with pelagic formative stages, widespread hydrodynamic dispersal can result in genetic homogeneity over large geographic distances (Bagley et al. 1999 , Dudgeon et al. 2000 , Kloppmann et al. 2001 . However, hydrodynamic retention of eggs and larvae, particularly in combination with spawningsite fidelity, may provide barriers to gene flow that help explain stock structure amongst populations existing in apparently 'open' environments (Bailey et al. 1997 , Ruzzante et al. 1999 , Stepien et al. 2000 , Pogson et al. 2001 , Skogen et al. 2001 , Gold & Turner 2002 , Smedbol et al. 2002 . Some knowledge of the hydrodynamics of the water body inhabited during the planktonic pre-settlement stages can provide useful insights into population structure, the geographic distribution of individual stocks, and recruitment dynamics of marine species.
Because of the logistical difficulties in determining dispersal directly, numerical modelling has become an important tool for understanding how hydrodynamic processes influence the transport of marine ichthyoplankton (Bartsch & Coombs 1997 , Jenkins et al. 1997 , 1999 , 2000 , van der Veer et al. 1998 , Cowen et al. 2000 , Fowler et al. 2000 . Selection of an adequate model requires prior knowledge of the local hydrodynamics and behaviour of the species under study. Both 2-and 3-dimensional schemes have been successfully used to model the dispersal of passive particles in marine systems. Advection of King George whiting Sillaginodes punctata larvae in South Australia and Victoria, Australia, was modelled in 3 dimensions, assuming random vertical distribution (Fowler et al. 2000 , while modelling of phytoand zooplankton in Chesapeake Bay, US, used a 2-dimensional approach (Hood et al. 1999) . If currents act uniformly throughout the water column, no vertical movement of planktonic organisms will significantly influence their horizontal transport. Conversely, marked differences between surface currents and those at depth can affect their horizontal movement, e.g. within coastal plumes (Roman & Boicourt 1999) or in conditions of strong Ekman transport (Hinrichsen et al. 2001) , both of which would require resolution of the vertical motion.
MATERIALS AND METHODS
Study area. Shark Bay is a large, semi-enclosed embayment, covering approximately 14 000 km 2 , on the central coast of Western Australia (Fig. 1) . The region received World Heritage status in 1991, principally for the high conservation values of its marine environment. The Bay is comprised of more open, deeper waters to the north, and shallower, Eastern and Western gulfs to the south ('Eastern Gulf' and 'Western Gulf' are not officially recognised place names, but are commonly used to refer to the collective waters on either side of the Peron Peninsula). Located on an arid coastline with minimal terrestrial runoff, the region experiences levels of evaporation greater than rainfall (Logan & Cebulski 1970) . Salinities inside Shark Bay are consistently above oceanic levels, and in the innermost reaches regularly exceed 60 (Logan & Cebulski 1970 , Burling et al. 1999 ). These reaches, at the southern head of the Eastern and Western gulfs (Fig. 1) are Hamelin Pool and Freycinet Estuary, respectively. Hamelin Pool exhibits higher salinities than the Freycinet Estuary, due to the effect of Faure Sill (Fig. 1) , the general shallowness of its waters, and its geographic isolation from deeper waters to the north. These highly saline reaches cause a gravity-driven, bottom flow of more dense water northwards out of the gulfs. Tidal mixing creates a state of equilibrium between the mixed and stratified regions of the Bay, the transitions between which constitute density fronts (Logan & Cebulski 1970 , Smith & Atkinson 1983 , Burling et al. 1999 . The 2 primary fronts, a semi-circular intrusion around Naturaliste Channel and a transition running southwest to northeast from Denham Sound to Carnarvon, effectively divide Shark Bay into its deeper northern and shallower southern sections. Satellite sea-surface temperature (SST) images indicate that the system has remained stable for more than 3 decades. The physical and biological oceanography of waters offshore from Shark Bay is dominated by the Leeuwin Current, a major eastern boundary current, that flows southwards off the West coast of Australia (Lenanton et al. 1991) . Recruitment to many commercially important Western Australian fisheries is affected by interannual variations in current strength and water temperature (Lenanton et al. 1991 , Caputi et al. 1996 resulting mainly from El Niño/Southern Oscillation (ENSO) fluctuations (Pearce & Phillips 1988 , 1994 ) and more variable winds (usually SSE) occur during winter (June to August). Logan & Cebulski (1970) and Burling et al. (1999 Burling et al. ( , 2003 have provided details of the region's marine environment.
Study species. Snapper Pagrus auratus (Sparidae; known locally in Western Australia as 'pink snapper' but referred to here simply as snapper, synonymous with Chrysophrys unicolor, C. auratus, and P. major ), is a long-lived, demersal species found throughout the warm temperate waters of Australia, New Zealand and Japan (Kailola et al. 1993) . In Shark Bay, the species has been the basis of an important commercial fishery since the early 1900s (Moran & Jenke 1989) and, in more recent decades, a major recreational fishery. Results of multidisciplinary research carried out over a period of more than 20 yr suggest that the snapper population structure in the region is unusually complex at a fine spatial scale, particularly within the gulfs. From the results of allozyme-based genetics studies (Johnson et al. 1986 , Whitaker & Johnson 1998 , Baudains 1999 , it has been inferred that snapper in oceanic waters adjacent to Shark Bay, in the eastern gulf and in the Freycinet Estuary represent separate breeding populations, while fish in Denham Sound may be partially isolated. Whether these represent different stocks sensu stricto remains unresolved, given that interpretation of allozyme data requires some caution (Ward 2000 , Hellberg et al. 2002 because (1) environmental selection has been recorded for snapper elsewhere (Smith 1979) , and (2) observed differences in alleles may only reflect local environmental gradients (clines). However, evidence for the existence of closely adjacent but separate populations is available from numerous related studies. Tagging (Moran et al. in press) , otolith trace elements and stable isotopes (Edmonds et al. 1989 , 1999 , Bastow et al. 2002 , morphometrics (Moran et al. 1998 ) and lifehistory parameters, indicate little or no mixing between oceanic and gulf snapper nor between the 2 gulfs. Substantial spawning-site fidelity has been found both in oceanic and gulf waters (Moran et al. in press) . The existing paradigm is that a number of proximate populations inhabit the gulfs each resident within discrete areas, in some cases separated by only tens of kilometres. Current management recognises discrete snapper stocks in (1) oceanic waters adjacent to Shark Bay, (2) the eastern gulf, (3) Denham Sound, and (4) the Freycinet Estuary. Oceanic snapper are the basis of an important commercial hook-and-line fishery, while snapper inhabiting the gulfs are the main target species for the region's important recreational fishery.
Snapper are batch-spawners (Crossland 1977 , Scott & Pankhurst 1992 . In Shark Bay, they form spawning aggregations over an extended period from late autumn (April to May) through to early spring (September to October), with most spawning taking place during winter (June to August). Snapper in oceanic waters and in the northern waters of both the eastern (off Cape Peron and Monkey Mia) and western (Denham Sound) gulfs generally spawn 1 to 2 mo earlier than fish in the Freycinet Estuary. Spawning is highly localised, and in the gulfs principally occurs at the same key spawning sites each year (Jackson & Cheng 2001) . Spawning mostly takes place between midday and early evening, ca. 3 to 5 m below the surface in waters of 10 to 14 m average depth. Snapper eggs, which are positively buoyant immediately postfertilisation, become more neutrally buoyant during development (Kitajima et al. 1993) . The egg incubation period is influenced by environmental conditions, particularly water temperature, with eggs estimated to hatch after ca. 20 to 30 h in gulf waters (Norriss & Jackson 2002) . A pelagic larval period of approximately 20 to 25 d (based on daily otolith increments, N. Tapp, pers. comm.) occurs prior to metamorphosis, settlement, and commencement of the demersal juvenile phase.
The genetic and phenotypic evidence for the existence of several reproductively isolated populations of snapper in Shark Bay has resulted from studies involving mainly sub-adults and adults, i.e. fish older than 2 or 3 yr. The potential for any mixing between these putative populations via the hydrodynamic dispersal of eggs and larvae originating from proximate (but possibly separate) spawning populations/natal areas has not previously been studied. Hydrodynamic retention of the ichthyoplankton in the vicinity of the main spawning areas would provide a mechanism that would preclude mixing between adjacent populations prior to settlement. The objective here was to test the hypothesis that eggs and larvae were retained in close proximity to the main snapper spawning grounds in each gulf. Using ichthyoplankton data collected between 1997 and 2000, we quantified a number of discrete egg and larval distributions that were taken to represent the main snapper spawning grounds. We then examined these distributions for any spatial overlap over the planktonic development period to test the null hypothesis of no connectivity between the spawning populations/natal areas. Hydrodynamic conditions and the consequent dispersal of planktonic particles were simulated using numerical modelling, to provide some explanation for the observed patterns in egg/ larval distributions and to determine the degree of connectivity between the spawning populations.
Ichthyoplankton surveys. Surveys were undertaken in both gulfs during winter (June to August) each year between 1997 and 2000, principally to facilitate the estimation of snapper egg production for stockassessment purposes (Jackson & Cheng 2001 ). Sampling from 8 and 9 m research vessels employed double-oblique tows of a bongo-net (each net mouth 60 cm in diameter, net mesh 500 µm) during the daytime at pre-determined locations in a grid-like pattern. A General Oceanics flowmeter was fitted in the mouth of one net to measure the volume of water sampled at each tow location. Ichthyoplankton samples were fixed at sea in 5% buffered formaldehyde.
Samples collected each year were subsequently sorted in the laboratory, when snapper eggs were identified, counted and classified into development stages based on their internal morphology (Norriss & Jackson 2002) . Eggs were attributed a median age (hours) based on their stage and empirical relationships between egg development time, water temperature and salinity (Norriss & Jackson 2002) . For samples collected in 2000 only, snapper larvae were identified and counted with reference to published descriptions (Cassie 1956 , Neira et al. 1998 ). Ichthoyplankton abundances were corrected for the volume of water filtered and expressed as number of individuals 100 m -3 . The geographic distributions of snapper eggs and larvae (samples in 2000 only) were summarised by mapping their centroids of distribution under the assumption that the data followed bivariate normal distributions in latitude and longitude. Centroids and the respective variance-covariance matrices (Kendall & Picquelle 1990) were computed for; (1) eggs < 2 h old, (2) eggs > 24 h old and (3) all larvae. Ellipsoids were drawn around each centroid to represent the 95% confidence intervals from the rotated axes. Spatial displacement and directional movement of the centroids was estimated using the 'ribbons formulae' (National Mapping Council of Australia 1972 , Cheng & Chubb 1998 ). Hotelling's T 2 test (Seber 1983 ) was used to test for centroid movement, assuming unequal dispersion matrices.
Hydrodynamic surveys. A conductivity-temperature-density (CTD) probe was employed during the ichthyoplankton surveys conducted in 2000 (for a description of the probe and sensors see Fodzar et al. 1985) . The CTD was deployed vertically and recorded data at a rate of 1 Hz as it descended at 1 m s -1 to the sea floor. Deployments of the CTD were completed at a subset of the ichthyoplankton survey sites in the eastern gulf, in Denham Sound, and at additional locations in the western gulf (Fig. 2) . Additional CTD data for these waters were obtained from previous hydrodynamic surveys in 1995. Salinity was calculated using the practical salinity scale 1978 (PSS78) (Lewis 1980 , Pickard & Emery 1990 .
Numerical modelling. Snapper eggs and larvae were considered as passive particles distributed within the surface layer. This simplified 2-dimensional approach was deemed appropriate as CTD casts indicated homogeneity throughout the water column, implying a uniform flow regime across all depths. Note that the effect of wind will alter these conditions, resulting in higher velocities at the surface; however, the modelled particles will be subject to such winds, as they are simulated in the surface layer, and therefore the results will accurately reflect the affect of wind on the surface. Particle-tracking was based on a simple Lagrangian framework with displacements driven by the following equations:
(1) (2) where U and V represent the corresponding x and y advective velocities. Similarly, u' and v ' represent turbulent velocity fluctuations in x and y.
Advective velocities were generated using the 'Hamburg Shelf ocean model' (HAMSOM) in barotropic mode. HAMSOM is a 3-dimensional primitive equation model initially developed by Backhaus (1985) for simulations of the North Sea, and uses semi-implicit and finite-difference schemes (Backhaus 1985 , Stronach et al. 1993 . HAMSOM has been successfully applied to coastal and estuarine systems worldwide (Backhaus 1985 , Stronach et al. 1993 , Pattiaratchi et al. 1996 , van der Veer et al. 1998 , Ranasinghe & Pattiaratchi 1999 , and was modified for Shark Bay by Burling et al. (2003) .
HAMSOM assumes hydrostatic pressure and the Boussinesq approximation. Hydrostatic pressure assumes that pressure at a given depth is only a function of atmospheric pressure and the depth of the water above that point. The Boussinesq approximation further assumes that changes in inertia, as caused by density variations, are small and could be neglected. HAMSOM also uses a kinematic boundary condition at the surface and a quadratic stress condition at the bottom. Tidal forcing was simulated by changing surface elevations along model boundaries and wind data were applied across the entire model grid. The Leeuwin Current was introduced as an inflow from the northern boundary. Inputs to the model included M 2 , S 2 , K 1 and O 1 tidal components (lunar semi diurnal, solar semi diurnal, lunisolar diurnal and lunar diurnal, respectively), wind data, and a southerly flowing Leeuwin Current of 0.1 m s -1 (Burling et al. 2003) . Other parameters included a standard bottom-friction factor of 0.0025 (Pugh & Vassie 1976 ) and a Coriolis factor of 6.3 × 10 -5 s -1
. The Coriolis factor is used to determine the Coriolis acceleration of any moving object and is a set function of the angular velocity of the earth and the local latitude. The model grid was 160 × 94 × 10, with a 2 km-square horizontal resolution and a variable vertical resolution of 10 layers. The model time step was 1 min and velocities were output at hourly intervals.
Turbulent velocities u' and v' were generated using a random-walk technique with a normally distributed, random perturbation, 'r', scaled by the magnitude of the diffusive velocity. Velocity was then calculated using the relationship (3) where K is the horizontal diffusivity (m 2 s -1
) and dt is the calculation time step.
The horizontal diffusivity, used both for turbulent velocity computations as well as HAMSOM input, was calculated using the results of Okubo (1974) , whose findings have been verified by the field studies of Murthy (1976) and Lawrence et al. (1995) . Horizontal diffusivity was calculated as a function of length scale:
where L is the minimum grid resolution of 2 km, which results in a K of 2.7 m 2 s -1
. This formulation of horizontal diffusivity simulates the forcing mechanisms that operate on smaller, unresolved time and length (< 2 km) scales.
Using the numerical framework described, 7 different hydrodynamic scenarios were simulated, each with a 30 d run time. A single particle was released from 4 separate release points each hour during the simulations to allow for temporal variation in tidal conditions. The locations of these release points were taken to represent the approximate centres of the 4 principal snapper spawning areas in the gulfs, each of which contained a number of individual snapper spawningsites. The locations of these were determined by the higher densities (> 50 eggs 100 m -3 ) of the youngest eggs (i.e. < 2 h old) collected from ichthyoplankton surveys between 1997 and 2000 (Fig. 3) . The spawning areas are referred to as Cape Peron, Monkey Mia, Denham Sound and Freycinet Estuary (a, b, c, d, respectively, in Fig. 3 ). Although the focus of this study was the gulf spawning populations, an important spawning area for the oceanic stock is known to exist at the northern end of Dirk Hartog Island in the Naturaliste Channel (see 'Results').
Forcing inputs to the model included actual and idealised conditions (Table 1 ). The first 3 simulations 
RESULTS

Ichthyoplankton surveys
Although only the results from 2000 are presented here, the patterns of egg and larval distributions were similar to those found in previous years (1997 to 1999) . In 2000, a total of 305 plankton tows were carried out between June and August across the gulfs (Fig. 4) . The highest densities of the youngest eggs were in close proximity to the known spawning sites, the locations of which were confirmed in most cases by the concomitant capture of spawning snapper. These spawning sites were located (Fig. 4) within the 4 broad spawning areas (see 'Materials and methods -Numerical modelling'), i.e. off Cape Peron, northeast of Monkey Mia, in Denham Sound, and in the Freycinet Estuary. Older eggs and larvae were still found within these broad spawning areas, but had to some extent dispersed away from the actual spawning sites. Concentrations of eggs and larvae were found off the northern tip of Dirk Hartog Island, known to be an important spawning area for oceanic snapper that is regularly targeted by commercial operators (Moran et al. 1998 ). This clearly indicated some overlap in the distribution of eggs and larvae derived from the oceanic and Denham Sound spawning populations.
The centroids of distribution representing the 4 main spawning areas all showed statistically significant movement with increasing development of the eggs/larvae (Table 2) , with the exception of older eggs and larvae in the spawning area off Cape Peron. However, given that the distances moved by each centroid were mostly less than 10 km, the results were interpreted as biologically insignificant in the context of this study. The null hypothesis of no spatial connectivity between the main spawning areas was therefore accepted with the exception of the spawning grounds in Denham Sound and oceanic waters in the Naturaliste Channel, where there seems to be some spatial overlap.
Hydrodynamic surveys
The marked differences in water temperature and salinity characteristics between the 4 areas clearly showed that Shark Bay contained a number of separate water masses (Fig. 5) . Hydrodynamic surveys were not conducted in the Freycinet Estuary in 2000; conditions found along the most southerly transects in Denham Sound (Fig. 2) were assumed to be representative of those further south. Overall, the system exhibited differences in temperature of almost 6°C and salinity of more than 6. In the western gulf, Denham Sound and Freycinet Estuary data were collected approximately 35 km apart and showed a difference in temperature of almost 6°C, and in salinity of almost 5. In the eastern gulf, Cape Peron and Monkey Mia sites were approximately 30 km apart and exhibited similar temperatures but a salinity difference of 4.
Waters were generally vertically mixed, with some stratification apparent in the northern region of the western gulf in the vicinity of the Naturaliste Channel frontal system. Conditions in the gulfs were probably dominated by diffusive-mixing processes such as those known to occur across Faure Sill (Burling et al. 1999 ). This implies that, irrespective of where snapper eggs and larvae were distributed within the water column, they would be subject to the same hydrodynamics and therefore similar advection. Thus, the 2-dimensional model used here adequately represented the local hydrodynamic conditions.
Numerical modelling
Surface residual flows
The predicted residual currents were initially analysed at the local scale in the areas of higher egg and larval abundance. For tide-only runs, 30 d tidal residual velocity plots were overlaid with ichthyoplankton data to relate velocity structure to the observed patterns of egg and larval distributions. A . Ellipsoids represent 95% confidence intervals from rotated axes of the centroids of distribution for snapper spawning areas defined in Fig. 3 series of circulatory flows with stagnant cores (eddies), probably reflecting the influence of the complex local topography, were identified in all 4 areas of interest.
Around Cape Peron there was strong flow convergence, accelerated by the topography, with water moving northwards out of each gulf either side of the Peron Peninsula (Fig. 6A) . North of the Cape, the residual flow decreased and separated into an eastern eddy and a northwestern current. The model results indicate that eggs and larvae are advected from the eastern gulf, northwards through a convergent zone, towards a stagnant eastern region, with the possible loss of some eggs and larvae to waters to the northwest under certain conditions. In the Monkey Mia region (Fig. 6B) , the southerly portion of the same velocity path initially headed westwards and then turned northwards towards Cape Peron, representing a possible hydrodynamic link between the 2 areas. With maximal residual velocities of ~5 cm s -1 , passive advection from Monkey Mia to Cape Peron (approximately 50 km apart) via this pathway would take a minimum of 12 d. To the southeast, flow accelerated across Faure Sill, diverged around Faure Island, and converged again to form the main eddy in the Monkey Mia region.
In the western gulf, in Denham Sound, eggs and larvae were concentrated in the modelled regions of peripheral, high-velocity flow (Fig. 6C) . Material originating in the southeast would be moved northwest via 2 counter-rotating systems before slowing at the northern margin of an eddy. The Freycinet Estuary likewise contained a circular flow encompassing the locations of higher egg and larval abundance (Fig. 6D) . However, velocities were generally low, suggesting that the entire southern section of the western gulf was mostly free of residual transport.
Hydrodynamic processes on a broader scale were examined using residual current plots of the entire Shark Bay system. The tide-only run (Fig. 7A) showed low residual flows in gulf waters to the south and stronger flows through the Naturaliste Channel, along the inside of Bernier and Dorre Islands, and off Cape Peron. Addition of the Leeuwin Current (Fig. 7B) appeared to have minimal effect in the gulfs, although it did dampen residual flows in northern waters, possibly providing a retention mechanism for eggs and larvae north of Cape Peron. This dampening ef- fect was moderated by the addition of a southerly wind that altered conditions in northern Shark Bay from tidally-driven to wind-driven (Fig. 7C) . Gulf conditions were only minimally altered by wind although flow velocities increased along the shores of both Hamelin Pool and the Freycinet Estuary. This opened possible advection pathways between Hamelin Pool and north of Cape Peron. Water in Denham Sound also appeared to flow northwards along the eastern shore, again indicating possible wind-driven connectivity with Cape Peron. Overall, the hydrodynamic systems in both gulfs were tidally-dominated.
Particle tracking
Particles released in each of the simulations verified the behaviour predicted by the surface residual currents. Under run conditions of tide-only, particles in all areas except Cape Peron remained inside the localised areas of cyclic residual flow (Fig. 8A) . Although some particles released at Cape Peron were entrained in an eddy to the east, they were not retained to the same extent as particles released in the gulfs (Fig. 8B) . Introduction of the Leeuwin Current had very little influence on particles in the regions of Monkey Mia, Denham Sound, and the Freycinet Estuary (Fig. 8C) . However, it dampened the northerly residuals off Cape Peron, with the same propagation into the eastern eddy, but greatly decreased advection northwards. A constant 5 m s -1 wind from the south advected particles from Denham Sound up the eastern shore via a northerly-flowing path (Fig. 8D) . The Freycinet Estuary remained isolated despite an increase in local velocities. Particles from Monkey Mia were advected further eastwards, but did not reach the northerly flow along the eastern shore as in the residual plot. Model runs using observed wind data showed the same retention patterns as the generic model. Throughout the winter (June to August), the 4 particlerelease locations in the gulfs exhibited very little interaction with northern Shark Bay (Fig. 9A-C) . Cape Peron particles responded to the dampening effect of the Leeuwin Current in June and July but, with increased winds in August, moved northwards into the high residual regions to the east of Bernier and Dorre Islands (Fig. 9C) . Similarly, in June and July a clockwise eddy was maintained in Denham Sound, while in August the increased wind caused some entrainment along the eastern shoreline, advecting particles towards Cape Peron. During summer (January), particles from each location followed the advection pathways seen in the residual-current plots (Fig. 6) , with the exception of Freycinet Estuary which again remained isolated.
DISCUSSION
This study investigated the potential for hydrodynamic dispersal of snapper eggs and larvae in the Gulfs of Shark Bay to provide some insight into local snapper population dynamics during the early lifehistory stages prior to settlement. Low levels of mixing between apparently separate snapper populations living in adjacent waters bodies have been inferred from previous genetic and phenotypic studies (Johnson et al. 1986 , Edmonds et al. 1989 , 1999 , Moran et al. 1998 , in press, Whitaker & Johnson 1998 , Baudains 1999 , Bastow et al. 2002 , mainly involving sub-adult and adults. Although direct measures of larval dispersal do not necessarily indicate successful mixing between populations (Bailey et al. 1997) , highly localised retention of eggs and larvae originating from discrete natal areas would support the prevailing hypothesis that several reproductively isolated populations exist in these waters. Whether or not these represent different genetic stocks remains unclear; an important question from the management perspective is whether these proximate populations are self-recruiting or sustained by external production. Ichthyoplankton surveys conducted during the winter spawning season over a 4 yr period consistently found the highest densities of the youngest snapper eggs within several well-defined spawning areas. Within each of these, which were assumed to represent the spawning grounds of separate breeding populations, those sites at which eggs less than 2 h old were collected in higher abundance were taken to represent individual spawning sites, on the basis that the eggs had not been transported any great distance. With the exception of the spawning grounds in Denham Sound and oceanic waters in the Naturaliste Channel, where there is likely to be some spatial overlap, no connectivity was found between spawning areas. This implies that the Cape Peron, Monkey Mia and Freycinet populations are reproductively isolated and probably self-recruiting, while the Denham Sound population is less so. Hydrodynamic surveys found the waters in the vicinity of the 4 spawning areas to possess unique temperature-salinity signatures, identifying distinct water masses and implying minimal horizontal mixing. Previous studies identified tide as the primary transport mechanism in the Shark Bay gulfs (Logan & Cebulski 1970 , Burling et al. 2003 . Our modelling corroborates this and suggests that tidal flows interact with local topography (Zimmerman 1978 , Wolanski & Hamner 1988 to form localised areas of convergence. These residual eddies are coincident with the main snapper spawning-grounds and provide a mechanism that would retain eggs and larvae within each natal area. The distributions of snapper ichthyoplankton observed from field surveys were consistent with this, confirming that local hydrodynamics preclude mixing of eggs and larvae between the spawning areas. Although at larger scales than those here in Shark Bay, larval retention resulting from interaction between coastal complexity and flow has been linked with marine finfish population structure elsewhere, e.g. Atlantic cod off Newfoundland (Ruzzante et al. 1999) and Pacific Ocean perch off British Columbia (Withler et al. 2001) .
Although the strength of the Leeuwin Current has been linked to recruitment variation in major fisheries off Western Australia (Pearce & Phillips 1988 , 1994 , Lenanton et al. 1991 , Caputi et al. 1996 , its influence on recruitment in gulf snapper populations appears negligible. Model simulations showed minimal penetration of the current into the shallower gulfs, with the exception of off Cape Peron where years of weaker current strength may be reflected in lower retention of eggs and larvae. We suggest that there is a strong correlation between the seasonality of snapper spawning, wind and hydrodynamic retention. Although the effect of wind was probably exaggerated here (because surface particle-tracking was used), the seasonal transitions of the system from wind-driven to tide-driven highlight patterns that could potentially affect spawning success. Snapper in the northern waters of each gulf (Cape Peron, Monkey Mia, Denham Sound) spawn mainly during months of minimum wind, i.e. June and July. Unseasonably high winds in these months would see eggs and larvae transported away from the main natal areas, thereby reducing local recruitment. In contrast, in the Freycinet Estuary where the peake in spawning occurs in August and September when winds have increased, recruitment is probably not affected, as local waters still experience low residual flows because of their geographic isolation.
The role of larval dispersal in determining whether local marine populations are open (and consequently dependent on exogenous recruitment) or relatively closed (and consequently sustained by endogenous recruitment) remains an important ecological question (Cowen et al. 2000 , Swearer et al. 2002 that is largely dependent on scale (Strathmann et al. 2002 , Warner & Cowen 2002 . Based on the results of our study, which was very much on a local scale, snapper populations off Cape Peron, Monkey Mia and in the Freycinet Estuary appear essentially closed, and are likely to be dependent on recruitment from local spawning. In contrast, the Denham Sound population may receive some recruitment from oceanic spawning and be therefore more open; however, the questions as to the degree to which oceanic snapper may act as a recruitment source and how any contribution may vary between years remain to be answered. Preliminary studies indicate that snapper recruitment in both gulfs, currently measured by relative abundance of 0+ ageclass caught during annual trawl surveys, is highly variable. Although some environmentally-driven variation in mortality during the initial months after settlement is suspected, as is the case with Pagrus auratus in New Zealand (Francis 1993) , further research is required.
In the study area, the snapper demonstrate many characteristics that are likely to increase the probability of self-recruitment (Swearer et al. 2002) , with spawning taking place at the times (winter) and locations most favourable for retention, rapid egg development (approximately 1 d), and a relatively short larval duration (< 30 d). The latter 2 factors equate to a relatively short planktonic larval duration, the most cited biological variable potentially affecting self-recruitment (Sponaugle et al. 2002) . Why gulf snapper spawn just where they do remains unclear, with no obvious habitat feature common to all spawning sites other than the hydrodynamic characteristics identified in this study. Site-selection may be some adaptation to maximise larval feeding potential, as the localised areas of convergence coincident with the spawning grounds are probably waters of relatively higher productivity within a marine environment that in general receives a limited nutrient input (Atkinson 1987) . Evidence suggests that snapper spawning activity is greatest during the periods of larger tides, and therefore maximum retention, i.e. around the new moon and to some extent full moon (G. Jackson unpubl.) . Overall, the behaviour demonstrated by the snapper adds support to the view proposed by Strathmann et al. (2002) that selection in non-migratory species may favour recruitment to the same environment as that inhabited by adults.
Evolution of the metapopulation theory has seen, in some recent cases involving marine fishes, relaxation of the structural requirements originally proposed by Levins (1970) , resulting in the theory's inappropriate use (Smedbol et al. 2002) . At first glance, it is tempting to conclude that snapper in Shark Bay demonstrate metapopulation structure. However, based on one of the essential metapopulation criteria (Smedbol et al. 2002) , i.e. the presence of a number of discrete local breeding populations connected via the exchange of individuals, snapper in the gulfs do not conform to the metapopulation model, with the possible exception of the Denham Sound population that may exchange individuals with a larger, oceanic population. However, we concur with Smedbol et al. (2002) that scientists and managers should refrain from injudiciously using the metapopulation concept when making decisions about exploited fisheries. All identified subpopulations should be managed sustainably as distinct management stocks or units until metapopulation structure has been tested empirically.
This study provides further evidence of the existence of a number of proximate but discrete spawning populations of snapper in the gulfs of Shark Bay. The mechanism we have shown, i.e. hydrodynamic retention, partly explains existing data on local snapper-stock structure. The usefulness of numerical modelling, in providing an understanding of hydrodynamic processes that may result in stock separation at an early life-history stage is again demonstrated. The information obtained has relevance in the management of the recreational snapper fishery in the gulfs, where large numbers of visiting fishers target known snapper spawning-aggregations during winter, when fishing mortality can be high and highly localised. Populations with extensive larval retention are more vulnerable to recruitment over-fishing (Strathmann et al. 2002) . In locally recruiting populations such as those of the snapper in the present study, excessive loss of larger (presumably older) and more productive members of the local populations through over-fishing have the potential to directly reduce recruitment. This is believed to have occurred in the eastern gulf in the mid-1990s, when over-exploitation of the main spawning aggregation north-east of Monkey Mia resulted in severe depletion of the adult stock and apparently low recruitment in subsequent years. Our results underline the need to continue to monitor and manage gulf snapper populations at an unusually fine spatial scale compared to many other marine fish stocks in Western Australian waters. Currently stock assessments and management arrangements recognise separate management units/fishable stocks in the eastern gulf, Denham Sound and the Freycinet estuary. Future research should be focussed on more adequately determining the genetic relationship between the region's snapper populations (using a DNA-based approach) and the extent of recruitment to Denham Sound from the oceanic stock and its annual variability.
